Two genes involved in -guaiene biosynthesis in Aquilaria microcarpa, -guaiene synthase (GS) and farnesyl diphosphate synthase (FPS), were overexpressed in Escherichia coli cells. Immunoblot analysis revealed that the concentration of GS-translated protein was rather low in the cells transformed by solely GS while appreciable accumulation of the recombinant protein was observed when GS was coexpressed with FPS. GS-transformed cells liberated only a trace amount of -guaiene (0.004 g/mL culture), however, the concentration of the compound elevated to 0.08 g/mL culture in the cells transformed by GS plus FPS. -Guaiene biosynthesis was markedly activated when E. coli cells coexpressing GS and FPS were incubated in enriched Terrific broth, and the content of the compound increased to approximately 0.6 g/mL culture. These results suggest that coexpression of FPS and GS in E. coli is required for efficient guaiene production in the bacterial cells, and the sesquiterpene-producing activity of the transformant is appreciably enhanced in the nutrients-enriched medium.
It is well known [1] that Aquilaria, and Gyrinops species form dark resinous heartwood called agarwood upon mechanical wounding or microbial infection. These tissues produce a variety of sesquiterpene compounds with aroma, and, therefore, they have been used as a scent, perfume and in traditional medicines [1] . Agarwood is not formed under healthy conditions, and artificial transformation of these trees to agarwood has been very difficult. However, Okudera and Ito have recently reported [2] that biosynthetic activities of several sesquiterpene compounds, such as -guaiene,-guaiene and -humulene, are induced in cell cultures of A. crassna by treatment with methyl jasmonate. It has been assumed that guaianolide sesquiterpenes are synthesized via two steps of cyclization reactions with farnesyl diphosphate as the substrate (Figure 1 ) [3] [4] [5] . To confirm this view, several sesquiterpene cyclase genes encoding -guaiene synthase have been isolated from A. crassna and A sinensis, and the catalytic properties of their translated proteins have been extensively studied [3, 6] .
We showed previously [5] that treatment of cell cultures of A. microcarpa with either methyl jasmonate or yeast extract results in the marked transcriptional activation of -guaiene synthase gene (GS). We have isolated several homologues of GS, and prepared their recombinant proteins to examine the catalytic properties of the translated products [5, 7] . To our knowledge, -guaiene cannot be purchased from commercial venders, and, therefore, we have attempted to construct the production system of this compound employing plant and/or bacterial cells. We have recently demonstrated that modification of the jasmonates-signaling pathway by transformation and overexpression of Rac GTPase gene, a monomeric GTP-binding protein, induces transcriptional activation of GS in A. microcarpa cell cultures, even in the absence of jasmonates [8] . In the present experiments, GS gene, together with farnesyl diphosphate synthase gene (FPS) isolated from A. microcarpa [9] , have been inserted into pRSFDuet-1 vector containing two multicloning sites. Escherichia coli cells were transformed by the expression vector, and the possible production of -guaiene in the bacterial cells was examined.
The translatable regions of GS (GenBank accession no. KF800046) and/or FPS (GenBank accession no. KU310684) were subcloned into multiple cloning site-I and II of pRSFDuet-1 vector, respectively ( Figure 2 ). Translates of FPS and GS were expected to be produced as S-tagged and His-tagged forms, and, therefore, accumulation of FPS and GS proteins in E. coli cells was monitored by immunoblot analysis with the use of appropriate antibodies. As shown in Figure 3 a, enhanced protein bands were observed at the position corresponding to S-tagged FPS (approximately 41.7 kDa) in the samples transformed by pRSF-FPS and pRSF-FPS+GS, but not in pRSF-GS (left panel) in sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) [10] . It was also confirmed that these bands showed strong signals in immunoblot analysis when probed with anti-S-tag ( Figure 3 a, middle panel). On the other hand, although cell extracts prepared from pRSF-FPS+GS transformant showed an intense protein band at the expected position of His-tagged GS (approximately 62 kDa), the apparent difference between isopropyl β-D-1-thiogalactopyranoside (IPTG) treated and non-treated control was not obvious for pRSF-GS (Figure 3 a, left panel). However, in immunoblot analysis employing anti-His-tag, an appreciable signal was observed in the pRSF-GS transformant, as well as in pRSF-FPS+GS, but not in pRSF-FPS ( Fig. 3 a, right panel). These results strongly suggested that FPS and/or GS were properly subcloned into the pRSF expression vector, and the translated products of these genes were significantly accumulated in the transformed cells. Since the concentration of GS protein in the pRSF-GS transformant appeared to be rather low compared with that of pRSF-FPS+GS cells, the production of FPS and GS proteins in these three transformed cells was examined after the addition of IPTG (Figure 3 b ). Accumulation of FPS was clearly observed after 1 h of the addition of IPTG either in the pRSF-FPS or pRSF-FPS+GS transformant, and the contents of the protein in these two cultures seemed gradually increased in a similar manner. The intensities of the signals were quantified by ImageJ (imagej.nih.gov/ij/), and the ratio of FPS contents in pRSF-FPS+GS to pRSF-FPS cells after 2 -5 h of IPTG-treatment was estimated to be 0.9 -1.2. On the other hand, GS protein in pRSF-GS culture was detected in the cell extract after a notable lag (approximately 2 -3 h), and its concentration appeared to be maintained at a low and constant level. In sharp contrast, however, GS contents in pRSF-FPS+GS-transformed cells markedly increased after the addition of IPTG, and the concentrations of the protein were found to be 2.9 -3.6 fold higher than those in pRSF-GS cells. In repeated experiments, 2 -4 fold higher concentrations of GS protein were reproducibly accumulated in the transformed cells when GS gene was coexpressed with FPS.
In the next experiments, possible production of -guaiene in the transformed E. coli cells was examined by GC-MS analysis. It had been confirmed, in the preliminary tests, that the sesquiterpene compounds were not detected either in medium or cells, and the guaiene derivatives were recovered only from the head space of the cultures. Two major products were found to be liberated from E. coli culture transformed by GS plus FPS, and these peaks were 
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Natural Product Communications Vol. 11 (9) 2016 1223 identified as -guaiene and -guaiene, respectively, by the retention indices and mass spectra in the data base [11, 12] . As shown in Figure 4 , E. coli cells transformed by pRSF-FPS did not produce guaiene, while the cells overexpressing solely GS gene were capable of liberating a very low concentration of -guaiene (0.004 g/mL). However, the sesquiterpene-producing activity was significantly enhanced by coexpression of GS and FPS genes and it increased to the level of 0.08 g/mL culture. Recently, it has been reported [13] [14] [15] that terpenoid synthetic activities of E. coli transformed by appropriate genes are markedly enhanced when the cells are cultured in a nutrients-enriched Terrific broth [16] . Therefore, we incubated the transformed E. coli under the enriched conditions instead of in LB medium. However, the effect of Terrific broth on sesquiterpene production was not clear in pRSF-GStransformed E. coli cells, and only a negligible amount of -guaiene (0.003 g/mL culture) was liberated from the culture. In sharp contrast, the -guaiene biosynthetic activity of the transformant coexpressing GS and FPS was markedly enhanced, and the content of the compound increased to approximately 0.6 g/mL culture.
In the present study, it has been demonstrated that coexpression of FPS gene together with GS showed a marked synergic effect either on the translational level of GS protein (Figure 3 ) or on liberation of -guaiene. The sesquiterpene-producing activity was highly enhanced when the transformant was cultivated in nutrient-enriched Terrific broth containing glycerol as an additional carbon source [16] . In the bacterial system, isoprene units are expected to be supplied via a non-mevalonic pathway, and, therefore, glycerol in Terrific broth would function as the precursor of C5 units, as well as the nutrient for E. coli growth. Further improvement of the E. coli cell culture system as the -guaiene-producing apparatus is in progress in our laboratory.
Experimental

Construction of expression vectors of GS and FPS genes:
The translatable regions of GS and FPS [5, 9] were subcloned into pRSFDuet-1 (Novagen) using In-Fusion HD Cloning Kit according to the instruction manual (Takara). GS was inserted into BamH1 and PstI sites at the multicloning site I while FPS was inserted into NdeI and XhoI sites at the multicloning site II (Figure 2 ). The desired restriction sites at 5' and 3' terminals of GS and FPS were created by PCR amplification with appropriate primer pairs (5'-CCA CAG CCA GGA TCC GAT GTC TTC GGC AAA ACT AG-3' as the forward and 5'-GCT TGT CGA CCT GCA GTC AGA TTT CAA TAG CAT GA-5' as the reverse primer for GS, and 5'-GAA GGA GAT ATA CAT ATG GCG GAT CTC AAA TCG AC-3' as the forward and 5'-CTT TAC CAG ACT CGA GTT TTT GCC TCT TGT AGA TT-3' as the reverse primers for FPS) employing pGEM-T Easy vector (Promega) harboring GS or FPS as the templates.
Immunoblot analysis of recombinant GS and FPS proteins:
Immunoblot analysis of the recombinant GS and FPS proteins was performed essentially according to the method previously reported [8] . E. coli BL21 cells were transformed by 3 expression vectors, pRSF-GS, pRSF-FPS, and pRSF-FPS+GS ( Figure 2 ), and these cell cultures were grown in LB medium overnight at 25˚C. After transfer into fresh medium, IPTG (final concentration 0.1 mM) was added to the cultures at an optical density of 0.4 -0.5 at 600 nm, and were further incubated at 25˚C for 5 h. The cell extracts were then subjected to SDS-PAGE analysis (10% gel) [10] , and the separated proteins were blotted onto Immobilon-P Transfer Membrane (Merck) on a semi-dry transfer cell (Transblot SD, Bio-Rad). After blocking with 2%, w/v, dry fat milk, the membrane was incubated with either anti-His-tag (MBL) for GS detection or anti-S-tag (Abcom) for FPS detection, respectively. After several washings, His-tagged GS or S-tagged FPS protein was visualized by a color development reaction using Peroxidase Stain DAB Kit (Nacalai Tesque).
GC-MS analysis of -guaiene:
After the addition of IPTG, the transformed E. coli cultures were incubated at 25˚C for 3 h, and 1 mL-aliquots were transferred into screw-capped 4 mL vials. Immediately after the transfer into the vials, 0.2 g limonene (Nacalai Tesque) was added to the cultures as an internal standard. The mixtures were further incubated overnight at 25˚C, and then the reaction products were extracted using a solid phase microextraction assembly with a 100 µm polydimethylsiloxane fiber (Supelco). The fiber was exposed to the headspace of the vials containing transformed E. coli cell cultures for 30 min, and, after adsorption of the products, sesquiterpene compounds were analyzed by GC-MS (Shimadzu, GCMS-QP2010 Ultra; Agilent, CAJ&W DB-5MS, 0.32 mm x 30 m column) in the splitless mode according to the method described previously [5, 7] . The injection port and the interface temperature were adjusted to 250˚C, and the mass range was set from m/z 40 to 400. The carrier flow (He) was at 1.4 mL/min. The oven temperature was started at 50˚C for 2 min and was increased to 170˚C at the rate of 4˚C/min, then raised to 300˚C at 30˚C/min. The reaction products were separated under the above conditions to calculate retention indices, and the identification of the compounds was based on the comparison of reported retention indices and mass spectra with those in databases [11, 12] . -Guaiene was quantified by a calibration curve that plotted the ratio of the peak heights of an authentic sample at various concentrations to the internal standard.
